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(57) ABSTRACT

Described herein is a device comprising: a plurality of first
reaction electrodes arranged in an array, the plurality of first
reaction electrodes configured to be exposed to a fluid and
having a capacitance; first circuitry configured to controllably
set the plurality of first reaction electrode to a predetermined
voltage and allow the capacitance of the plurality of first
reaction electrode to charge or discharge through the fluid;
and second circuitry configured to measure a rate of charging
or discharging of the capacitance of the plurality of first
reaction electrodes. Also described herein is a method of
using this device to sequence DNA.

18 Claims, 17 Drawing Sheets

s

i

(’ ‘5.20

138



US 9,222,908 B2
Page 2

(56) References Cited Anderson et al., IEEE Transactions on Crcuits and Systems-I: Regu-
lar Papers, vol. 55, No. 11, Dec. 2008.
Daniels, Thesis, Mar. 2010.
OTHER PUBLICATIONS Prakash et al., IEEE Sensors Journal, vol. 7, No. 3, 2007.
Abbas El Gamal et al., CMOS Image Sensors, IEEE Circuits &
Anderson et al., Journal of Stellar EE315 Circuits. Devices Magazine, May/Jun. 2005, pp. 6-20.



U.S. Patent Dec. 29, 2015 Sheet 1 of 17 US 9,222,908 B2

150

160

FIGURE 1A



U.S. Patent Dec. 29, 2015 Sheet 2 of 17 US 9,222,908 B2

130

150

160

FIGURE 1B



U.S. Patent Dec. 29, 2015 Sheet 3 of 17 US 9,222,908 B2

231

110

150

FIGURE 2A



U.S. Patent Dec. 29, 2015 Sheet 4 of 17 US 9,222,908 B2

— 202
Vih

293

4

H

}

i o
0 t ts tint TIME

FIGURE 2B



U.S. Patent Dec. 29, 2015 Sheet 5 of 17 US 9,222,908 B2

331

333

FIGURE 2C



U.S. Patent Dec. 29, 2015 Sheet 6 of 17 US 9,222,908 B2

Wl NN N

0 ty  ts TIME

FIGURE 2D



U.S. Patent

Dec. 29, 2015

Sheet 7 of 17

\ -/
\\ — /{
232 (D) .
. -7
. \

FIGURE 3A

US 9,222,908 B2




U.S. Patent Dec.

29,2015 Sheet 8 of 17

US 9,222,908 B2

Y
s -
e ~ ~
232 . - .
~ 47 = .
~. .
. ., —— \\
\ .
., ¢ Y
¢ X
4 = AY
! T \
: . - .
: N [ ~. \
¥
' ;q l /// )
! S - '
; '
! s
! b
¢ i
¢ §
i '
! i
! !
! f
* i
* )
* ;
N 3
N ;
N s
N 7’
N 7
N 7
~ 4
~ -
~ ”
e -~
e -
]
®
— &
N @
L]
s
N
i L
232 - pR
~ P _ R
------ N
~ . .
. ’ —— .
’ AN
! s
AY
4 —_— AY
! T \
; A ™~
. N | . A
\ e '
SN -
O

FIGURE 3B




U.S. Patent Dec. 29, 2015

Sheet 9 of 17 US 9,222,908 B2

. -~
- - .
- -~
- ~
’ ~
7 ~
-
’ ~
‘ .
’ Ay
1304 . \
----- N
1 . \
i S \
o AY
’ I LY
‘ T .
i 7 X
S . \
\. ’ L @ l R
~ A
A 1. A
A \
] N ey )
L i : V i ( \
z \ — { A \ |
i A N ‘ !
\ ‘ /
¢ \ ’
; ‘ |
i ) /
i 1 2
’ ‘\ ‘ /
v/
L \ /
' \ 5
1 \\ )‘/
l \\ A/‘
! ,
! ) / t
! \ P 2
i ) .
' e i
1 ) ,
-
: reg '
| t
| A {
: EN ,
| i
| i
| [
| ¢
| I
| ;
| '
1\ E
| !
| ¢
\ ?
‘ ;
‘ ’
\ '
A‘ ‘
\ 7
\ ’
S R S S R N /
\ ’
“ 7
‘. 4
) e
' 7
N N
~ ® p
N : "
kS N \(v) ) )
) -
" _Fy .
~ o
~ - .
AN - e . -
RN e
Vs I

FIGURE 3C



U.S. Patent

Dec. 29, 2015 Sheet 10 of 17 US 9,222,908 B2
120
/
/ 121
/ /’/
z e
"'\M’/ §/§//-232
S 23
/
e (/<l i l
A j\\ |
/ ( V)
‘-\ e T 234
130 /
233 1.

FIGURE 3D



U.S. Patent Dec. 29, 2015 Sheet 11 of 17 US 9,222,908 B2

\ N
410 420

FIGURE 4A



US 9,222,908 B2

Sheet 12 of 17

Dec. 29, 2015

U.S. Patent

FIGURE 4B

)
»)]
N
{
| o~
{ >}
w ./
|
|
11111111111111 )
i 1
\ §
/ "
}
\ t
\ ;
N !
N §
~—e. 3 | /./ }
....... | 1l "
T T "
\\\\‘.\ ~
Ry "
t
”
: ;
i m i —
t
;
"
!
Lo 54 ;
Mw..u ....... -~ E "
k 1
\ !
AN '
N
.
!
zzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzz I




U.S. Patent Dec. 29, 2015 Sheet 13 of 17 US 9,222,908 B2

&1 Delay D2

...............................................................................

222

\ ! solution E

\\%ﬁ\ E 120 O3R E

121 ; \\®1 E E
\ »WMO\D i 130 R0 |

\ Vred Vox

}
i
i
i

FIGURE 4C



U.S. Patent Dec. 29, 2015 Sheet 14 of 17 US 9,222,908 B2

Multiplexed analog
readout

120

LGl
P oo /% 1(C, A,y T

130 :

| —— [ =

| i

dselect, 1 —|E 3

1 ]

i :

|

ﬁ\hx~m~+ g

per-pixel cirouit | L 2341

FIGURE 4D



U.S. Patent Dec. 29, 2015 Sheet 15 of 17 US 9,222,908 B2

per-pixel circuit e

Vied |

cal —— VAN
: T I(Cy, AV, ) :

1.2 . e _
T
O3
.................................................... |
® 1, -
® ® 0 O
® [ L
per-pixel circuit T
' [ 234 |
: ] Vout 1.}
Vied 232

éCdl R
P o I(Co, AV, ) :

J .
T Vox
{$sn
""""""""""""""""""""""""""""""""""""""""""" g \
N

FIGURE 4E



U.S. Patent Dec. 29, 2015 Sheet 16 of 17

~.

CONTACTING AN
ELECTRODE INTHE
SOLUTION COMPRISING
ONE OR MORE ANALYTE

<./

CONNECTING THE
ELECTRODETOA
BIAS SOURCE

\

DISCONNECTING THE
ELECTRODE FROM THE
BIAS SOURCE

-

o

MEASURING CHANGE
OF THE VOLTAGE OF
THE ELECTRODE

FIGURE &

US 9,222,908 B2



US 9,222,908 B2

Sheet 17 of 17

Dec. 29, 2015

U.S. Patent

TR
fn\ > 2
= | O S
I A R S
RN 8T
\ N n |
N 14 NN NN
R N J
W < AN .
; Y o !:: //. J:.. " ,/, %
VA o O R
: & 4 Sy
: o ™ i S 8 N
Do ~ N
"ﬁm.,," AN AN
e
VB
N < ©
B s 2. s
™ ™ . > \m“/,, [ o . y/
/&/ A\ =1 A
N =Y ~J
N \/ .
T I Y o
< G <
4 <L A &
e % 4 wl
P P o
g . 2 g N
™~ N

3

FIGURE 6



US 9,222,908 B2

1
DEVICE AND METHOD FOR DETECTING
REDOX REACTIONS IN SOLUTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 13/628,728, filed on Sep. 27, 2012, the
disclosure of which is hereby incorporated in its entirety.

Reference is made to commonly owned and co-pending
U.S. application Ser. No. 12/655,578 titled “Nanogap Chemi-
cal and Biochemical Sensors,” filed Dec. 31, 2009, now pend-
ing; U.S. patent application Ser. No. 11/226,696, titled “Sen-
sor Arrays and Nucleic Acid Sequencing Applications,” filed
Sep. 13, 2005, now pending; which is a continuation-in-part
application that claims the benefit of U.S. patent application
Ser. No. 11/073,160, titled “Sensor Arrays and Nucleic Acid
Sequencing Applications,” filed Mar. 4, 2005; U.S. patent
application Ser. No. 11/967,600, titled “Electronic Sensing
for Nucleic Acid Sequencing,” filed Dec. 31, 2007 now pend-
ing; U.S. patent application Ser. No. 12/319,168, titled
“Nucleic Acid Sequencing and Electronic Detection,” filed
Dec. 31,2008, now pending; U.S. patent application Ser. No.
12/459,309, titled “Chemically Induced Optical Signals and
DNA Sequencing,” filed Jun. 30, 2009, now pending; U.S.
patent application Ser. No. 12/655,459, titled “Solid-Phase
Chelators and Electronic Biosensors,” filed Dec. 30, 2009,
now pending; U.S. patent application Ser. No. 12/823,995,
titled “Nucleotides and Oligonucleotides for Nucleic Acid
Sequencing,” filed Jun. 25, 2010, now pending; U.S. patent
application Ser. No. 12/860,462, titled “Nucleic Acid
Sequencing,” filed Aug. 20, 2010, now pending; the disclo-
sures of which are incorporated herein by reference in their
entirety. Appropriate components for device/system/method/
process aspects of the each of the foregoing U.S. patents and
patent publications may be selected for the present disclosure
in embodiments thereof.

BACKGROUND

DNA sequencing is the process of reading the nucleotide
bases in a DNA molecule. It includes any method or technol-
ogy that is used to determine the order of the four bases—
adenine, guanine, cytosine, and thymine—in a strand of
DNA.

Knowledge of DNA sequences is useful for basic biologi-
cal research, and in numerous applied fields such as diagnos-
tic, biotechnology, forensic biology, and biological system-
atics. The advent of DNA sequencing has accelerated
biological research and discovery. The rapid speed of
sequencing attained with modern DNA sequencing technol-
ogy has been instrumental in the sequencing of the human
genome, in the Human Genome Project. Related projects,
often by scientific collaboration across continents, have gen-
erated the complete DNA sequences of many animal, plant,
and microbial genomes.

New development in the medical field (e.g., personalized
medicine) and basic biological research (e.g., animal or plant
genome projects) calls for rapid sequencing of large number
(e.g., above 10,000) of DNA fragments ina practical period of
time (e.g., several hours to several days), which is usually
referred to as a high-throughput sequencing. Traditional
chemistry-based and optic-based DNA sequencing methods
such as the Maxam-Gilbert method and Chain-termination
methods suffer from their requirements of complex sample
preparation and slow rate of base detection, and are generally
unsuitable in these applications.
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Exemplar high-throughput sequencing techniques include
Massively Parallel Signature Sequencing (MPSS) developed
by Lynx Therapeutics, Polony sequencing developed by Prof.
George Church at Harvard University, parallelized pyrose-
quencing developed by 454 Life Sciences (now Roche Diag-
nostics), SOLiD sequencing developed by Applied Biosys-
tems (now Life Technologies), pH-based semiconductor
sequencing developed by lon Torrent (now Life Technolo-
gies), nanopore sequencing, etc.

BRIEF DESCRIPTION OF FIGURES

FIG. 1A shows a schematic cross section of a device
according to an embodiment.

FIG. 1B shows a cross section image of the device of FIG.
1A obtained using scanning electron microscopy.

FIG. 2A schematically shows circuits in a unit cellunit cell
of the device in FIGS. 1A and 1B and the functions of the
circuits.

FIG. 2B shows an exemplary graph of the voltage of one of
the three electrodes as a function of time, when the redox
reaction discharges the capacitance of that electrode.

FIG. 2C schematically shows alternative circuits in a unit
cellunit cell of the device in FIGS. 1A and 1B and the func-
tions of the circuits.

FIG. 2D shows an exemplary graph of the voltage of the
first reaction electrode as a function of time in a periodic
measurement.

FIG. 3A shows an array of the circuitry in the dotted box
300 in FIG. 2A.

FIG. 3B shows that circuitry to measure the rate of charge
or discharge of one of the electrodes may be shared in the
array of FIG. 3A.

FIG. 3C shows an array of the circuitry in the dotted box
300 in FIG. 2A, except that a unit cellunit cell of the array has
at least two electrodes, the rate of charging or discharging of
capacitance of which are measured.

FIG. 3D shows an array of the circuitry in the dotted box
300 in FIG. 2A, except that a unit cellunit cell of the array has
another biased electrode integrated in the unit cell.

FIG. 4A shows an exemplary embodiment of the array.

FIG. 4B shows an exemplary schematic of a unit cell in the
array of FIG. 4A.

FIG. 4C shows an exemplary schematic of a unit cell in the
array of FIG. 4A.

FIG. 4D shows an exemplary schematic of a unit cell in the
array of FIG. 4A.

FIG. 4E shows an exemplary schematic of a unit cell in the
array of FIG. 4A.

FIG. 5 shows a flowchart of a method of operating the array
of FIG. 4A.

FIG. 6 shows an exemplary scheme to sequence DNA with
the array of FIG. 4A.

DETAILED DESCRIPTION

A DNA molecule may be sequenced by detecting reaction
products from incorporation of individual nucleotides into a
polynucleotide chain complementary to the DNA molecule
or cleavage of individual nucleotides from the DNA mol-
ecule. Various enzymes (e.g., polymerase, deoxyribonu-
clease) may be used to facilitate the incorporation or cleav-
age.

One method to detect these reaction products is electro-
chemistry. Electrochemistry is a branch of chemistry that
studies chemical reactions which take place in a solution at
the interface of an electron conductor (a metal or a semicon-
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ductor) and an ionic conductor (the electrolyte), and which
involve electron transfer between the electrode and the elec-
trolyte or species in solution. When the reaction products
undergo redox reactions in an electrochemistry cell, electrical
signatures (e.g., cyclic voltammogram) of the reaction prod-
ucts may be used to identify them. For example, the reaction
products may be those released from incorporation of chemi-
cally-modified nucleotides into DNA, as described in U.S.
patent application Ser. No. 11/967,600, titled “Electronic
Sensing for Nucleic Acid Sequencing,” which is hereby
incorporated by reference in its entirety.

FIG. 1A shows a schematic cross section of a device
according to an embodiment. The device includes an array of
unit cells 100. In at least one unit cell, the device has a first
reaction electrode 130 and a second reaction electrode 120,
preferably both fabricated on a substrate and electrically iso-
lated from each other. The reaction electrodes 130 and 120 are
configured to be exposed to a fluid 140. The device may
further have transistors 160 in the unit cells (preferably 10
transistors or less in each unit cell, further preferable 3 tran-
sistors or less in each unit cell) and interconnect 150. The
interconnect 150 electrically connects at least one (e.g., the
first reaction electrode 130) of the reaction electrodes 130 and
120 to the transistors 160. The transistors 160 may be con-
figured to measure electrical current through at least one of
(e.g., the first reaction electrode 130) of the reaction elec-
trodes 130 and 120. A unit cell may comprise sensors such as
the first reaction electrode 130, and circuitry dedicated to the
sensors.

FIG. 1B shows a cross section image of the device of FIG.
1A obtained using scanning electron microscopy. The gap
between reaction electrodes 120 and 130 is preferably small,
such as from 1 nm to 100 nm (a “nanogap™).

FIG. 2A schematically shows circuits 300 in a unit cell 100
of the device in FIGS. 1A and 1B and the functions of the
circuits. According to an embodiment, electrical current
through an electrode may be measured by measuring the rate
of charging or discharging of capacitance of that electrode.
For example, electrical current through the first reaction elec-
trode 130 may be measured by measuring the rate of charging
or discharging of capacitance 233 of the first reaction elec-
trode 130. Although the capacitance 233 of the first reaction
electrode 130 is depicted in FIG. 2A as a capacitor separate
from the capacitance, it need not comprise a physical capaci-
tor component, but a combination of self-capacitance of the
first reaction electrode 130 and capacitance of the interface
between the first reaction electrode 130 and the fluid 150. The
fluid 150 may be a solution, e.g., aqueous solution or non-
aqueous solution. The fluid 150 may be a gaseous phase. The
fluid 150 may also be a molten electrolyte such as molten salt.

The circuitry connected to the first reaction electrode 130
as depicted in FIG. 2A is one example that can be used to
measuring the rate of charging or discharging of the capaci-
tance 233. In an embodiment, switch 232 is closed to connect
the first reaction electrode 130 to a bias source 231. At this
state, the voltage on the first reaction electrode 130 is at the
voltage of the bias source 231, denoted as V,. The switch 232
may be any circuitry that can electrically connect and discon-
nect the first reaction electrode 130 to the bias source 231. For
example, the switch 232 may be a toggle switch, a relay or a
transistor. After the switch 232 is opened to disconnect the
first reaction electrode 130 from the bias source 231, redox
reactions (electron transfer between the electrode and a
chemical species in the solution) occurring at the first reaction
electrode 130 start to charge or discharge the capacitance 233
and as a result the voltage of the first reaction electrode 130
deviates from V. The rate of charging and discharging of the
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capacitance 223 can be derived from the change of the voltage
of the first reaction electrode 130. The voltage of the first
reaction electrode 130 may be measured using any suitable
circuitry 234. Circuitry 234 is not limited to a voltmeter. In an
embodiment, the circuitry 234 may comprise A/D converter.
In an embodiment, the circuitry 234 may comprise a buffer.
The buffer may drive an A/D converter shared with other
electrodes.

The circuitry connected to the first reaction electrode 130
as depicted in FIG. 2C is another example that can be used to
measuring the rate of charging or discharging of the capaci-
tance 233. In an embodiment, switch 332 is closed to connect
a charging electrode 333 disposed in the fluid 150 to a bias
source 331. The voltage on the charging electrode 333 may
affect the potential of the fluid 150 which affects the voltage
on the first reaction electrode 130. At this state, the voltage on
the first reaction electrode 130 is at a voltage, denoted as V,,.
The switch 332 may be any circuitry that can electrically
connect and disconnect the charging electrode 333 to the bias
source 331. In one embodiment, the bias source 331 may
output more than one voltages. For example, the switch 332
may be a toggle switch, a relay or a transistor. After the switch
332 is opened to disconnect the charging electrode 333 from
the bias source 331, redox reactions (electron transfer
between the electrode and a chemical species in the solution)
occurring at the first reaction electrode 130 start to charge or
discharge the capacitance 233 and as a result the voltage of the
first reaction electrode 130 deviates from V. The rate of
charging and discharging of the capacitance 223 can be
derived from the change of the voltage of the first reaction
electrode 130. The voltage of the first reaction electrode 130
may be measured using any suitable circuitry 234. Circuitry
234 is not limited to a voltmeter. In an embodiment, the
circuitry 234 may comprise A/D converter. In an embodi-
ment, the circuitry 234 may comprise a buffer. The buffer may
drive an A/D converter shared with other electrodes.
Although the charging electrode 333 is depicted as a separate
electrode from electrodes 110 and 120, the charging electrode
333 may be one or both of electrodes 110 and 120.

FIG. 2B shows an exemplary graph of the voltage of the
first reaction electrode 130 as a function of time, when the
redox reaction discharges the capacitance 233. The more
molecules undergo redox reactions in the vicinity of the first
reaction electrode 130, the greater the rate of charging or
discharging of the capacitance 233. For example, trace 291 in
FIG. 2B shows discharge of the capacitance 233 when essen-
tially no molecules undergo redox reactions in the vicinity of
the first reaction electrode 130. The slight drop of the voltage
on the first reaction electrode 130 is due to leakage current
through the fluid 150 and/or leakage current from the cir-
cuitry 231 and/or 234. Traces 292 and 293 in FIG. 2B show
discharge of the capacitance 233 when some molecules
undergo redox reactions in the vicinity of the first reaction
electrode 130. Trace 293 shows a greater rate of discharge that
trace 292 because more molecules undergo redox reactions in
the vicinity of the first reaction electrode 130 when trace 293
is recorded than when trace 292 is recorded. The rate of
discharge may be measured directly (e.g., the slope of the
traces in FIG. 2B) or by any other suitable techniques. For
example, the rate of discharge may be measured by the
amount of voltage change from V, ata time point t,,, after the
first reaction electrode 130 disconnects from the bias source
231 or after the charging electrode 333 disconnects from the
bias source 331. In alternative, to reduce drift or noise in
circuitry 234, switch 232 or 332 can be closed at a time just
aftert,,,, reseting the voltage of the first reaction electrode 130
to V,, and the rate of discharge may be measured by the
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difference between the voltage at t,,,, and the voltage after the
reset. In another alternative, the rate of discharge may be
measured by the amount of time for the voltage of the first
reaction electrode 130 to change from V, by a predetermined
amount to a voltage V,, after the first reaction electrode 130
disconnects from the bias source 231 or after the charging
electrode 333 disconnects from the bias source 331.

The voltage on the first reaction electrode 130 may be setto
V, by any suitable method. For example, according to an
embodiment, voltage on the first reaction electrode 130 may
be setelectrochemically by a portion 334 thereof. The portion
334 may have a chemical whose potential changes with
changing chemical composition of the fluid 150. By making
a change in the composition of the fluid 150, the voltage on
the first reaction electrode 130 may be set to V,,. In another
example, the portion 334 may change potential as a result of
exposure to radiation such as light. By exposing the portion
334 to radiation, the voltage on the first reaction electrode 130
may be setto V.

FIG. 2D shows an exemplary graph of the voltage of the
first reaction electrode 130 as a function of time, when the
redox reaction discharges the capacitance 233 and the voltage
of the first reaction electrode 130 is periodically reset to V,,.
For example, the capacitance 233 is allowed to discharge at t,
and the voltage of the first reaction electrode 130 is reset to V,
at t5. The rate of discharge of the first reaction electrode 130
may be measured from the difference betweenV,, (voltage of
the first reaction electrode 130 at t;) and V. The rate of
discharge of'the first reaction electrode 130 may be measured
by averaging the difference between V,, and V,, in multiple
cycles.

In an embodiment, the circuitry in the dotted box 300 in
FIG. 2A or FIG. 2B, including the first reaction electrode 130
may be integrated in a microchip. In an embodiment, such a
microchip may have a plurality of copies of the circuitry in the
dotted box 300. These copies may be arranged in an array
(e.g., arectangular or hexagonal grid) such as the array shown
in FIG. 3A (only the circuitry in the dotted box 300 is FIG. 2A
is shown). Preferably, the bias source 231 is shared among
these copies. For the purpose of this disclosure, a copy may be
referred to as a “unit cell.” In an embodiment as shown in FIG.
3 A, aunit cell may have its own circuitry 234 (i.e., not shared
with other unit cells) integrated in the unit cell. The measure-
ments of the circuitry 234 in each may be transmitted to a bus
through a multiplexer. In an embodiment depicted in FIG. 3B,
the circuitry 234 may be shared among these copies through
a multiplexer 390. A multiplexer (or MUX) is a device that
selects one of several analog or digital input signals and
forwards the selected input into a single line. In an embodi-
ment, the circuitry 234 includes a high-impedance buffer
configured to measure the voltage of the first reaction elec-
trode 130 without discharging the capacitance 233. In an
embodiment, the high-impedance buffer is included in each
unit cell but other portions (such as A/D converter) of the
circuitry 234 are shared among many unit cells through a
multiplexer. In an embodiment, a unit cell comprises a
memory configured to store the measurement by the circuitry
234 of the first reaction electrode 130. For example, the
memory may be configured to measure and store the value of
the voltage of the first reaction electrode 130 at t,,, or the time
atwhich the voltage of the first reaction electrode 130 crossed
a predetermined threshold value.

In an embodiment schematically shown in FIG. 3C, a unit
cell may have at least two first reaction electrodes 130a and
1305. The first reaction electrodes 130a and 1305 are
arranged to be in vicinity of each other. As used in this
disclosure, the word “vicinity” means distance no greater
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than the diffusion length of the analyte at t,,,. Correlation of
the voltages on the first reaction electrodes 130a and 1305
may be used to determine the validity of data collected from
this unit cell. For example, if the voltages on the first reaction
electrodes 130a and 1305 differ by a threshold value, data
collected from this unit cell is considered invalid and dis-
carded.

In an embodiment schematically shown in FIG. 3D, a unit
cell may have the second reaction electrode 120 integrated in
the unit cell. In an embodiment, the second reaction electrode
120 can be shared among more than one unit cell.

In an embodiment, a unit cell has an area from 0.01 to 100
pm?, such as about 1 um?. In one embodiment, the array has
more than 100 unit cells, 10° unit cells, or 10'° unitcells. In an
embodiment, the unit cells do not comprise a photodiode.

FIG. 4A shows an exemplary embodiment of the array of
unit cells. The unit cells may be interrogated by enabling a
row of unit cells using row decoder 430 which connects the
unit cells to a shared A/D converter by enabling a switch (e.g.,
a transistor 290 in FIG. 4B). 420 may be an array of A/D
converters (one for each column of unit cells) or a multiplexer
that connects the column outputs to one or more shared A/D
converters. 420 and 430 are under control of a controller 410.
FIG. 4B shows an exemplary schematic of a unit cell 400 in
the array of FIG. 4A. The unit cell 400 may have as few as
three transistors 290, 280 and 232. Other circuitry is shared
among the unit cells, which allows the footprint of the unit
cell 400 to be reduced. The multiplexing functionality may be
provided by transistor 290. Transistor 280 may act as a volt-
age buffer to read the voltage at electrode 130 without dis-
charging the capacitance of electrode 130. Switch 232 may be
implemented as a transistor. The functionality provided by
switch 232, transistors 280 and 290 can be implemented using
different electronic devices than shown as examples in FIG.
4B. One row of unit cells in the array may be interrogated at
a time, and the entire array may be interrogated by interro-
gating each row of unit cells. Furthermore, the entire array
can be interrogated multiple times to obtain the information
such as that contained in FIG. 2B.

FIG. 4C shows an implementation of a unit cell ofthe array,
where the unit cell has both the first reaction electrode 130
and the second reaction electrode 120 in the unit cell, as
shown in FIG. 3D. In this example, switch 232 is controlled
by a clock ¢1. The circuitry 234 may include an inverting
amplifier and a D flip-flop controlled by aclock ¢2. $2 may be
delayed from ¢1 by a fixed amount. Circuitry 234 may be in
the unit cell or shared among unit cells.

FIG. 4D shows another implementation of a unit cell of the
array, where the unit cell has both the first reaction electrode
130 and the second reaction electrode 120 in the unit cell, as
shown in FI1G. 3D. In this example, the unit cell may have only
one transistor controlled by a select signal ¢,,,,., ,, and cir-
cuitry 234 is shared among multiple unit cells. This imple-
mentation may allow the footprint of the unit cell to be very
small and the density of the array very high. The circuitry 234
may have an integrating amplifier, which allows direct mea-
surement of the amount of charge flowed through the first
reaction electrode 130.

FIG. 4E shows yet another implementation of f the array,
where each unit cell may have as few as one transistor that
controllably connects the first electrode in the unit cell to a
bus. The bias source 231 is also connected to the bus through
the switch 232. Circuitry 234 and the bias source 231 may be
shared among all unit cells in the array, which allows the
footprint of the unit cell to be very small and the density ofthe
array very high.

Other suitable circuitry may be used in the array.
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In an embodiment, as schematically shown in the flowchart
of FIG. 5, a method of operating the array comprises: con-
tacting the first reaction electrode 130 to the fluid 150 com-
prising one or more analyte; connecting the first reaction
electrode 130 to the bias source 231, such that the voltage of
the first reaction electrode 130 is substantially at the voltage
V,, of the bias source 231; disconnecting the first reaction
electrode 130 from the bias source 231; measuring change of
the voltage of the first reaction electrode 130, wherein the
change of the voltage is produced from charging or discharg-
ing of capacitance of the first reaction electrode 130 due to
redox reactions in the vicinity of the first reaction electrode
130. The method may further comprise storing the change of
the voltage of the first reaction electrode 130 in a memory.

An exemplary method of using the array to sequence DNA
may comprise the following. A unit cell of the array may have
one or more copies of a DNA molecule to be sequenced
attached to or in proximity of the first reaction electrodes 130
therein, or the second reaction electrode 120 if the unit cell
has its own second reaction electrode 120 (i.e., the second
reaction electrode 120 not shared with other unit cells), the
DNA molecule to be sequenced having a primer hybridized
thereto. The unit cell preferably does not have DNA mol-
ecules of more than one sequence. The array is in contact with
the fluid 150. The fluid 150 comprises reagents such as poly-
merase, and salt (e.g., MgCl,). Only one type of nucleoside
triphosphate (i.e., one type among deoxyadenosine triphos-
phate (dATP), deoxyguanosine triphosphate (dGTP), deox-
ythymidine triphosphate (dTTP) and deoxycytidine triphos-
phate (dCTP)) is added to the fluid 150. The nucleoside
triphosphate may be in its natural form or modified with a
moiety that can undergo a redox reaction in the fluid 150.
Alternatively, only one type of nucleoside polyphosphates
(i.e., one type among deoxyadenosine polyphosphates, deox-
yguanosine polyphosphates, deoxythymidine polyphos-
phates and deoxycytidine polyphosphates) is added to the
fluid 150. The fluid 150 is set to a temperature suitable for the
polymerase to incorporate the nucleoside triphosphate into
the one or more DNA primers. Only unit cells with DNA
molecules whose next unpaired base is complementary to the
added nucleoside triphosphate will have the nucleoside triph-
osphate incorporated to the primers. For example, as illus-
trated in FIG. 6, in which dATP is added into fluid 150 as the
nucleoside triphosphate, four unit cells each with a first reac-
tion electrode (130, 130T, 130G and 130C) is shown. On first
reaction electrodes 130, 130T, 130G and 130C DNA mol-
ecules 6A, 6T, 6G and 6C are respectively attached. Each of
these DNA molecules has a primer being extended by the
polymerase. On DNA molecules 6A, 6T, 6G and 6C, the next
unpaired bases are A, T, G and C, respectively. The dATP in
the fluid 150 will thus only be incorporated to the primer on
the DNA molecule 6A. The polymerase splits the terminal
phosphate groups (with or without the moiety) from the incor-
porated dATP. The terminal phosphate groups split from
nucleoside triphosphate is often referred to as phosphate resi-
due. The phosphate residue and/or the moiety undergoes
redox reaction in the vicinity of the first reaction electrode
130T. As a result, capacitance 233T of the first reaction elec-
trode 130T charges or discharges at a rate beyond that caused
by leakage current (e.g., trace 291 in FIG. 2B). Since no
incorporation of dATP to the primers on the other three first
reaction electrodes 130, 130G and 130C, capacitance 233 A,
233G and 233C of these first reaction electrodes 130, 130G
and 130C do not charges or discharges at a rate beyond that
caused by leakage current. The difference between the rate of
charge of discharge on the first reaction electrodes 130, 130T,
130G and 130C indicates that the next unpaired base on DNA
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67T is thymine. Fluid 150 is removed and the array is washed
to remove any residue of fluid 150. These steps are repeated
with the other three nucleoside triphosphates to complete
sequencing of all the DNA molecules on the unit cells of the
array. Alternatively, more than one type of nucleoside triph-
osphate modified with difterent moieties may be added to the
fluid 150. The electrodes 130, 130T, 130G and 130C may
detect that the next unpaired base thereon by detecting the rate
of charge of discharge on these electrodes respectively,
caused by redox reactions of the different moieties on the
nucleoside triphosphate. Other DNA sequencing methods
that can be applied to the array include those disclosed in U.S.
patent application Ser. No. 11/967,600, titled “Electronic
Sensing for Nucleic Acid Sequencing,” filed Dec. 31, 2007,
the disclosures of which are incorporated herein by reference
in its entirety.

Disclosed herein is a device suitable for detecting chemical
reaction in a fluid phase comprising: a plurality of first reac-
tion electrodes arranged in an array, the plurality of first
reaction electrodes configured to be exposed to a fluid and
having a capacitance; first circuitry configured to controllably
set the plurality of first reaction electrode to a predetermined
voltage and allow the capacitance of the plurality of first
reaction electrode to charge or discharge through the fluid;
and second circuitry configured to measure a rate of charging
or discharging of the capacitance of the plurality of first
reaction electrodes.

According to an embodiment, the capacitance includes
self-capacitance of the plurality of first reaction electrodes
and capacitance of interfaces between the plurality of first
reaction electrodes and the fluid.

According to an embodiment, the charging or discharging
of the capacitance is caused by redox reactions in the fluid.

According to an embodiment, the device further comprises
a reference electrode with a fixed reduction potential to the
fluid.

According to an embodiment, the reference electrode is
selected from the group consisting of standard hydrogen elec-
trode (SHE), normal hydrogen electrode (NHE), reversible
hydrogen electrode (RHE), saturated calomel electrode
(SCE), copper-copper (II) sulfate electrode (CSE), silver-
silver chloride (Ag/AgCl) electrode, silver pseudoreference
electrode, and quasi-reference (QRE).

According to an embodiment, the device further comprises
a second reaction electrode configured to be electrically
biased relative to the fluid.

According to an embodiment, the second reaction elec-
trode is not consumed.

According to an embodiment, the plurality of first reaction
electrodes are a material that is not consumed by the fluid.

According to an embodiment, the first circuitry comprises
a switch.

According to an embodiment, the second circuitry is con-
figured to measure the rate of charging or discharging of the
capacitance by measuring a voltage of the plurality of first
reaction electrodes as a function of time.

According to an embodiment, the first circuitry is config-
ured to controllably set the plurality of first reaction electrode
to the predetermined voltage and allow the capacitance of the
plurality of first reaction electrode to charge or discharge
through the fluid by controllably connecting the plurality of
first reaction electrodes to a bias source and controllably
disconnecting the plurality of first reaction electrodes from
the bias source.

According to an embodiment, the first circuitry is config-
ured to controllably set the plurality of first reaction electrode
to the predetermined voltage and allow the capacitance of the
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plurality of first reaction electrode to charge or discharge
through the fluid by controllably changing voltage of a charg-
ing electrode exposed to the fluid, by e.g, controllably con-
necting the charging electrode to a bias source and controlla-
bly disconnecting the charging electrode from the bias
source, wherein the charging electrode is configured to affect
the voltage on the plurality of first reaction electrodes.

According to an embodiment, the second circuitry is con-
figured to measure the rate of charging or discharging of the
capacitance by measuring an amount of voltage change from
the predetermined voltage at a time point.

According to an embodiment, the second circuitry is con-
figured to measure the rate of charging or discharging of the
capacitance by measuring an amount of time for a voltage of
the plurality of first reaction electrodes to change from the
predetermined voltage o by a predetermined amount.

According to an embodiment, the device is a microchip.

According to an embodiment, the second circuitry is con-
figured to measure the voltage of the plurality of first reaction
electrodes without discharging the capacitance.

According to an embodiment, the second circuitry com-
prises a memory.

According to an embodiment, the device further comprises
a multiplexer and a controller.

According to an embodiment, the device further comprises
atleast one second reaction electrode in vicinity of at least one
of the plurality of first reaction electrodes.

According to an embodiment, the first reaction electrodes
and/or the second reaction electrodes are coated with an
organic or inorganic coating.

According to an embodiment, a geometric area of each of
the first reaction electrodes is between 0.01 um? and 100 um?.

According to an embodiment the plurality of first reaction
electrodes comprises between 100 and 10,000,000,000 first
reaction electrodes; and the first circuitry comprises a plural-
ity of measurement circuits, each of which corresponding to
one of the plurality of first reaction electrodes.

According to an embodiment, the second circuitry is
shared among more than one first electrodes in the plurality of
first electrodes.

According to an embodiment, the first reaction electrodes
are selected from the group consisting of platinum, gold,
indium tin oxide, diamond-like carbon doped with impurities,
glassy carbon, silver, carbon nanotube, graphene, conducting
polymers; and/or wherein the second reaction electrodes are
selected from the group consisting of platinum, gold, indium
tin oxide, diamond-like carbon doped with impurities, glassy
carbon, silver, carbon nanotube, graphene, conducting poly-
mers.

Also disclosed herein is a method comprising: contacting
an electrode to a fluid; setting a voltage of the electrode to a
predetermined voltage; allowing the electrode to charge or
discharge through the fiuid; and measuring change of the
voltage of the electrode.

According to an embodiment, change of the voltage of the
electrode is produced from charging or discharging of capaci-
tance of the electrode.

According to an embodiment, the charging or discharging
of capacitance of the electrode is caused by redox reactions in
a vicinity of the electrode.

According to an embodiment, the method further com-
prises storing the change of the voltage of the electrode in a
memory.

According to an embodiment, the method further com-
prises repeating steps of contacting, connecting, disconnect-
ing and measuring on at least 100 electrodes.
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According to an embodiment, setting the voltage of the
electrode is by connecting the electrode to a bias source.

According to an embodiment, allowing the electrode to
charge or discharge is by disconnecting the electrode from the
bias source.

According to an embodiment, setting the voltage of the
electrode is by connecting a charging electrode exposed to the
fluid to a bias source.

According to an embodiment, allowing the electrode to
charge or discharge is by disconnecting the charging elec-
trode from the bias source.

According to an embodiment, setting the voltage of the
electrode is by changing a composition of the fluid.

According to an embodiment, setting the voltage of the
electrode is by exposing the electrode to a radiation.

Also disclosed herein is a method comprising: contacting a
plurality of electrodes to a fluid, each of the plurality of
electrodes having a DNA molecule attached thereto or in
proximity thereof, wherein DNA molecule has a primer
hybridized thereto; adding at least one type of nucleoside
polyphosphate (tri-, tetra-, penta-phosphate, etc.) to the fluid;
setting the fluid to a temperature suitable for the one type of
nucleoside triphosphate to be incorporated into at least some
of the primers; measuring a rate of charge or discharge of
capacitance of each of the plurality of electrodes.

According to an embodiment, the method further com-
prises removing the fluid and washing the plurality of elec-
trodes.

According to an embodiment, a device comprises a plural-
ity of first reaction electrodes arranged in an array, the plu-
rality of first reaction electrodes configured to be exposed to
a fluid and having a capacitance; means for controllably set-
ting the plurality of first reaction electrode to a predetermined
voltage and allowing the capacitance of the plurality of first
reaction electrode to charge or discharge through the fluid;
means for measuring a rate of charging or discharging of the
capacitance of the plurality of first reaction electrodes.

According to an embodiment, a system comprises any of
the device disclosed, a processor, a memory, and a commu-
nication interface.

While various aspects and embodiments have been dis-
closed herein, other aspects and embodiments will be appar-
ent to those skilled in the art. Various components of the
disclosed devices and various steps of the disclosed methods
may be combined in any suitable combination. The various
aspects and embodiments disclosed herein are for purposes of
illustration and are not intended to be limiting, with the true
scope and spirit being indicated by the following claims.

We claim:

1. A device suitable for detecting chemical reaction in a
fluid phase, comprising:

a plurality of first reaction electrodes arranged in an array,
the plurality of first reaction electrodes configured to be
exposed to a fluid and having a capacitance;

first circuitry configured to controllably set the plurality of
first reaction electrode to a predetermined voltage and
allow the capacitance of the plurality of first reaction
electrode to charge or discharge through the fluid; and

second circuitry configured to measure a rate of charging or
discharging of the capacitance of the plurality of first
reaction electrodes.

2. The device of claim 1, wherein the capacitance includes
self-capacitance of the plurality of first reaction electrodes
and capacitance of interfaces between the plurality of first
reaction electrodes and the fluid.

3. The device of claim 1, wherein the charging or discharg-
ing of the capacitance is caused by redox reactions in the fluid.
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4. The device of claim 1, further comprising a reference
electrode with a fixed reduction potential to the fluid.

5. The device of claim 4, wherein the reference electrode is
selected from the group consisting of standard hydrogen elec-
trode (SHE), normal hydrogen electrode (NHE), reversible
hydrogen electrode (RHE), saturated calomel electrode
(SCE), copper-copper(1l) sulfate electrode (CSE), silver-sil-
ver chloride (Ag/AgCl) electrode, silver pseudoreference
electrode, and quasi-reference (QRE).

6. The device of claim 1, wherein the first circuitry com-
prises a switch.

7. The device of claim 1, wherein the second circuitry is
configured to measure the rate of charging or discharging of
the capacitance by measuring a voltage of the plurality of first
reaction electrodes as a function of time.

8. The device of claim 1, wherein the first circuitry is
configured to controllably set the plurality of first reaction
electrode to the predetermined voltage and allow the capaci-
tance of the plurality of first reaction electrode to charge or
discharge through the fluid by controllably connecting the
plurality of first reaction electrodes to a bias source and con-
trollably disconnecting the plurality of first reaction elec-
trodes from the bias source.

9. The device of claim 1, wherein the first circuitry is
configured to controllably set the plurality of first reaction
electrode to the predetermined voltage and allow the capaci-
tance of the plurality of first reaction electrode to charge or
discharge through the fluid by controllably changing voltage
of a charging electrode exposed to the fluid, wherein the
charging electrode is configured to affect the voltage on the
plurality of first reaction electrodes.

10. The device of claim 1, wherein the second circuitry is
configured to measure the rate of charging or discharging of
the capacitance by measuring an amount of voltage change
from the predetermined voltage at a time point.
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11. The device of claim 1, wherein the second circuitry is
configured to measure the rate of charging or discharging of
the capacitance by measuring an amount of time for a voltage
of'the plurality of first reaction electrodes to change from the
predetermined voltage o by a predetermined amount.

12. The device of claim 7, wherein the second circuitry is
configured to measure the voltage of the plurality of first
reaction electrodes without discharging the capacitance.

13. The device of claim 1, further comprising at least one
second reaction electrode in vicinity of at least one of the
plurality of first reaction electrodes.

14. The device of claim 1, wherein a geometric area of each
of t;le first reaction electrodes is between 0.01 um? and 100
pum?.
15. The device of claim 1, wherein the plurality of first
reaction electrodes comprises between 100 and 10,000,000,
000 first reaction electrodes; and the first circuitry comprises
a plurality of measurement circuits, each of which corre-
sponding to one of the plurality of first reaction electrodes.

16. The device of claim 1, wherein the second circuitry is
shared among more than one first electrodes in the plurality of
first electrodes.

17. The device of claim 1, wherein the first reaction elec-
trodes are selected from the group consisting of platinum,
gold, indium tin oxide, diamond-like carbon doped with
impurities, glassy carbon, silver, carbon nanotube, graphene,
and conducting polymers; and/or

wherein the second reaction electrodes are selected from

the group consisting of platinum, gold, indium tin oxide,
diamond-like carbon doped with impurities, glassy car-
bon, silver, carbon nanotube, graphene, and conducting
polymers.

18. The device of claim 1, wherein the second circuitry is
configured to measure a total amount of charge accumulated
on the capacitance during a predetermined time interval.
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